J.A. CAMPBELL, P.A. YEATS Bruland et al., 1979) . Improvements in sample collection techniques and analytical capability have led to a general acceptance of mean trace metal levels in ocean waters lower than previous estimates (Spèncer et al., 1970; Riley, Taylor, 1972) . Of principal interest in these investigations has been the vertical distribution of the elements in the ocean. Depth profiles for Ni, Cu, Zn and Cd display concentration depletion in the upper mixed layer and increasing concentration with depth Moore, 1978; Bruland et al., 1978 a, b) . Such trends have been interpreted in terms of biological uptake in the euphotic zone and subsequent regeneration at depth with severa! striking correlations between metal concentration and nutrients to support this theory. Large scale spatial variability in trace metal concentrations has also been reported. Bewers et al., (1976) have noted significant differences in trace metal concentrations for distinct water regimes in the northwest Atlantic Ocean. Moreover, concentrations of Ni and Cu in deep waters in the Pacifie are generally higher than at depth in the Atlantic Moore, 1978) . On the other hand dissolved manganese concentrations are generally lower in the deep Pacifie than in the deep Atlantic (Bender et al., 1977) . Spatial variability in the Atlantic Ocean was also observed in this latter study. While most of the cited work has focussed on the Pacifie and Atlantic Oceans, with further limited study in the Indian Ocean (Danielsson, 1980) very few data exist for the Arctic Ocean (Burrell et al., 1968; Burrell, 1971) . Very recently, Dyrssen et al. (1981) and Moore (1981) reported metal profiles for an Arctic Ocean station north of Franz Joseph Land and an ice station over the Lomonosov Ridge. We report here a study of trace metal distributions in the Canadian Eastern Arctic, principally Baffin Bay. In addition to vertical profile sampling, we have attempted to establish the trace metal content of the principal water masses of the area.
AREA OF STUDY
Baffin Bay forms a deep, enclosed depression between the Canadian Arctic Archipelago and Greenland. The maximum depth is approxima tel y 2 300 to 2 400 m. Exchange of water with the Atlantic Ocean to the south is restricted by a sill in Davis Strait at a depth of ""' 700 m. Furthermore, sill depths of 100 to 150 rn in Lancaster Sound and Jones Sound and 200 rn in Smith Sound constrain the exchange of Arctic Ocean water with that in Baffin Bay. The water circulation pattern in Baffin Bay (Collin; 1966) is composed of the West Greenland Current that passes northward through eastern Davis Strait and the Baffin Current (also known as the Baffinland or Canadian Current) moving southward along the coast of Baffin Island. The West Greenland Current is relatively temperate and saline (T == 3-4°; S == 34.5 °/oo) as it carries with it waters from the East Greenland Current that continues westward around Cape Farewell and from the cornparatively warm Irminger Current that impinges on the south east coast of Greenland. The Baffin Current is formed from the outflow of cold, Jess saline Arctic water from the channels of the Archipelago and the northern cooled remnant of the West Greenland Current. The predominant flow through the Archipelago is in easterly and southerly directions. Low temperature, Iow salinity water characteristic of outflowing Arctic Ocean surface water (T ==-1.8 to -1 o; S == 32.5 to 33.5 °/oo) flows eastwards through Lancaster and Jones Sounds, while more saline Arctié water is advected southward through Smith Sound from the Lincoln Sea. Both sea ice and glacier ice play an important part in the physical oceanography of Baffin Bay. With the exception of south east Baffin Bay and the North Water Polynya which are both largely ice free, the surface of Baffin Bay and the Canadian Archipelago supports a more or Jess continuous mantle of sea ice throughout at Ieast six months of the year. Moreover, while there are · no major ri vers draining into Baffin Bay, there is a considerable contribution of fresh water from icebergs calved from numerous glaciers. Murray (1968) has reported that 70 OJo of ail icebergs calved in Baffin Bay remain in the embayment, presumably gradually melting through succeeding summers. The water column in central Baffin Bay is composed of four water masses identified by the vertical distribution of temperature and salinity (Riis-Carstensen, 1936) . In summer the surface water is characterised by a wide range of properties with temperatures from -1 to + 5° and salinities between 30.0 and 32.7 °/oo.
Underlying the surface layer, cold Arctic water is recognised by a temperature minimum of -1 to -1.8° and salinity of 33.7 °/oo. Below 300 rn is a warm water layer, a mixture of Labrador Sea Intermediate Water and the overlying cold layer (T == 0 to 2°, S = 34.4 °/oo). Deep water is found between 1 200 and 2 100 rn and is identified by temperature of -0.5° and salinity of 34.45 °/oo. The mechanism of formation of this deep water mass is uncertain and severa! hypothesis have been set out (Sverdrup et al., 1942; Bailey, 1956; Redfield, Friedman, 1969; Sadler, 1975 and September, 1977 and September, 1978 . Station locations for bath cruises are shawn in Figure 1 . Station 77-19 is situated in the deepest part of Baffin Bay and was sampled at high density to study the extent of hydrographie and biological modification of the metal profiles. The other stations are located in the four entrances to Baffin Bay with the intention of sampling the various water masses flowing into and out of the Bay. On the 1977 cruise, modified twelve litre Niskin samplers were employed (Bewers et al., 1974) . For the second cruise in 1978, Go-Flo sampling botties, also of twelve litre capacity were used. In both instances botties were hung upon a stainless steel hydrowire which terminated with an epoxy-coated lead weight. Brass messengers were used to trip botties on each hydrocast. Prior to each cruise Niskin and Go-Flo samplers were thoroughly washed with deionised (SQ) water and stored in sealed polyethylene bags until required. Sampie collection, filtration and storage procedures have been reported previously (Bewers et al., 1976) . Metal concentrations were determined by chelation/solvent extraction procedures (Brooks et al., 1967) and flameless atomic absorption spectrometry using a Perkin-Elmer 403 spectrometer, HGA 2100 graphite furnace with AS-1 autosampler attachment and deuterium arc background correction. Fe, Ni, Cu and Cd were extracted into 4-methyl pentan-2-one (MIBK) at pH = 4 as ammonium pyrrolidine dithiocarbamate complexes, while Mn was extracted, also into MIBK, at pH = 9.2 as an 8-hydroxy quinoline complex.
Chemical preconcentration procedures were carried out in a laminar air flow hood and in the laboratory a minimum of metal parts was used, these wherever possible being coated with an epoxy paint. Furthermore, the air in the laboratory was constantly filtered to minimise dust contamination (HEP A fil ter with 99.97 OJo efficiency for 0.3 p,m particles). Both filtered and unfiltered samples were analysed for each element, although significant differences between filtered and unfiltered concentrations were only observed for iron anq manganese. We have assumed here that analyses of filtered samples provide a measure of "dissolved" metal and that analyses of unfiltered samples provide a measure of "dissolved" and "particulate" metaL The "particulate" metal measurements represent predominantly exchangeable metal and near surface metal, soluble at the sample storage pH of 2. lee samples were collected from a launch and stored frozen in double polyethylene bags. Before analysis,
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the ice sample was broken while still in the bags and a piece of ice from the center of the sample was selected for analysis. The ice was melted and a portion of the meltwater filtered through a 0.4 p,m Nuclepore filter. Trace metal concentration were determined in two ways. First by extraction following the methodology for seawater and secondly by direct injection of the meltwater into the graphite fumace. The direct injection method gives a more complete analysis of the particulate metals.
LIMITS OF DETECTION AND ANALYTICAL PRECISION
While it is possible to determine detection limits in terms of signal to noise ratio and minimum absorbance measurements, these methods do not include inherent uncertainty in analytical techniques pertaining to trace metal assay. Thus, in determining detection limits, the approach of Strickland and Parsons (1960) has been applied where the limit of detection is defined as three times the analytical standard deviation of sam pies close to the detection limit. In addition, replicate analyses on a large volume seawater sample provided an assessment of overall analytical precision. The estimate does not, however, include errors entailed in sample collection. Detection limits and the results of the replicate study are given in Table 1 . In columns 1 and 2 mean elemental concentrations of a series of replicate analyses on a bulk sample and associated coefficients of variation are shown~ The laboratory detection limit in column 3 is based on the above definition. • based on definition of Strickland and Parsons (1960) RESULTS AND DISCUSSION
Results of trace element determinations of sea water samples are presented in Table 2 . Metal and particulate matter concentrations in sea ice and glacier ice are given in Table 3 . The data presented in Table 2 (Bender, Gagner, 1976; Bender et al., 1977; Moore, 1978 Probably the most interesting feature of the spatial distribution is the elevated levels of ali studied metals in the waters of the western channels of the Canadian Archipelago compared to water coming through Smith Sound. At present, the reason for this distribution is not known. A similar pattern has been found for silicate, phosphate, and nitrate (Jones, Coote, 1980) ; concentrations of the nutrients are higher in Jones and Lancaster Sounds than in Smith Sound. Jones and Coote (1980) have interpreted the distribution in terms of an input of nutrient-rich water from the Bering Sea and the surface circulation pattern in the Arctic Ocean. Although the water advected through Bering Strait is probably also relatively high in trace metals, the proposed relationships between metals and nutrients Moore, 1978; Bruland et al., 1978) would predict considerably smaller differences between Ni, Cu and Cd levels for the two Arctic surface water types than are actually observed. The most probable .· source of water enriched in trace elements is river input from North American and Asian landmasses to the Canadian Basin of the Arctic Ocean. Mapping of surface currents in the Arctic Ocean has generally shown a drift from West to East over the north pole with a clockwise gyre in the Canadian Basin (Collin, Dunbar, 1964; Coachman, Aagaard, 1974) . From the nutrient studies, Jones and Coote (1980) have proposed that the clockwise gyre in the Canadian Basin extends as far as the Peary Channel in the Queen Elizabeth Islands (Canadian Archipelago) but not as far as the Lincoln Sea which is connected to Baffin Bay through Smith Sound. The limited data for trace metals in the Arctic Ocean indicates that at the Lorex site north of Ellsmere Island (Moore, 1981) , trace metal concentrations are considerably higher than those observed north of Franz Joseph Land (Dyrssen et al., 1981) . Therefore, although river discharge and subsequent dispersion and dilution of metal burd en of ri vers draining into the Arctic Ocean are poorly documented, fluvial input to the surface waters of the Canadian Basin of the Arctic Ocean is the most plausible source for the elevated concentrations of trace metals in the western channels of the Canadian Archipelago. Table 4 is about 10 years. Trace metal residence times can be calculated using the metal input data in Table 4 and results from station 19 to estima te the metal inventory for the Bay. The resulting residence times for Ni, Cu and Cd of between 9 and 10 years are equal to the water residenoe time. Manganese and iron give slightly longer residenoe times of 12-14 years. We can conclude therefore, on the basis of these rather rough budget calculations, that the metal distributions are controlled predominantly by the physical oceanography. Geochemical processes occurring within the Bay can have only a minor effect on the metal distributions. Trace element depth profiles for a station at the deepest part of Baffin Bay (station 77-19, Table 2 ) are shown in Figure 2 . Salinity and temperature depth profiles (Fig. 3 a) are consistent with the established oceanographie record outlined above. Also shown are depth profiles for the major nutrients, silicate, phosphate and nitrate (Fig. 3 b) . These latter profiles clearly show depletion in the surface layer, related to biological uptake, with regeneration at depth. In con- 
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trast to investigations in pelagie areas, surface trace metal concentrations generally exceed those found at depth, with no metal-nutrient correlations being evident. The vertical distribution of the metals studied may be appropriately discussed in terms of the water mass characterisation suggested by Riis-Carstensen (1936) (Bender, Gagner, 1976; Bender et al., 1977; Moore, 1978) or the eastern Arctic Ocean (Dyrssen et al., 1981) .
Deep water, presently of un certain origin, is found below 1 200 rn (T = 0.5°; S = 34.45 Ofoo). Trace metallevels in the deep water are more or less invariant and similar to the levels measured in the overlying intermediate water although slight discontinuities between 1 200 and 1 500 rn may be evident for sorne metals. Silicate, phosphate and nitrate profiles, however, show a distinct increase at the intermediate water-deep water boundary. While deep phosphate and nitrate concentrations are consistent with levels at comparable depths in the North Atlantic (Stefansson, 1968) , silicate concentrations are far in excess of typical Atlantic Ocean values (Mann et al., 1974) .
In pelagie areas, is has generally been found that surface waters are depleted in certain trace metals (e.g. Ni and Cd) with respect to deeper water due to involvement of these elements in biological cycling. At station 77-19, nutrient depletion is observed in the top 30 rn of the water column but depletion of metals is not observed. The apparent excess of trace metals suggests a source of metals sufficiently large to mask any !osses via biological uptake. These inputs will come predominantly from two sources; the advection of surface water high in trace metals through Lancaster and Jones Sounds and the melting of ice. Sea ice meltwater has been shown to contribute as much as 15 OJo of the surface water in Baffin Bay (Tan, Strain, 1980) . Direct aeolian input is unlikely to be important since precipitation in this area is small and the Bay is ice-covered for much of the year. There are no large ri vers draining direct! y into Baffin Bay so fluvial input of metals is also unlikely to be important. Thus melting of glacier ice and sea-ice should constitute the major source of freshwater to the surface waters of Baffin Bay. Metal analysis of glacier ice and sea ice samples collected in northwest Baffin Bay off Bylot Island (Table 3) yield concentration of metals in excess of the levels observed in surface waters ( Table 2) . The difference is most marked for Fe, and Cu. High particulate concentrations, primarily of freshly weathered mineral fragments, were found in both glacier ice and sea ice. In the latter, the particulate load is perhaps surprising and suggests that the ice floe that was sampled had formed in shallow water or had been rafted across a beach at sorne previous time. Thus the sea-ice data presented here may be atypical of much of the sea ice in Baffin Bay. With the exception of iron, which is predominantly associated with particles, the major fraction of the metals was found in the dissolved phase (i.e. was analyzed as dissolved in meltwater after filtration through a 0.4 ~tm Nuclepore filter). Since the sea-ice meltwater content of the surface water of station 77-19 varied between 2.5 and 15 % (Tan, Strain, 1980) , metal concentrations similar to those listed in Table 3 would make a noticeable contribution to surface water concentrations particularly for Fe,, Cu and Cd. With the exception of silicate increases in the deep water, the changes in nutrient concentration with depth in the interinediate and deep water are relatively small and any associated changes in metal concentration would be very smaH and hard to detect. Only cadmium shows a slight increase in concentration with depth and a rough covariance with phosphate or nitrate :
Cd (nM) = 0.11 P(~tM) + 0.19, n = 10, r = 0.66.
Changes associated with silicate regeneration, similar to those predicted for nickel or copper (Moore, 1978) should be visible in Baffin Bay
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Deep Water. The high concentrations of silicate in the deep water may be produced by sorne mechanism other than biological regeneration in the water column. In this case increases in metal concentrations may not be anticipated. On the other band, if the silicate increases do reflect dissolution of siliceous organisms with related release of metals, then the low levels of Ni and Cu could result from sorne unspecified removal mechanism not previously observed in pelagie areas. The "rain" of particles resulting from the dissolution of ice may play an important role in these processes. The iron and manganese results for samples from the intermediate and deep waters show measurable . amounts of particulate iron and manganese at ali depths with average particulate iron and manganese concentrations of 1.1 11-gl-1 and 0.07 11-gl-1 respectively. These measurements indicate that, unless the iron and manganese content of the particles is rather unusual, the particulate matter concentrations must be considerably higher than found at similar depths in the Atlantic Ocean. The deepest sample gives no indication of elevated metal concentrations indicating neither releases of metal from the sediments nor the existence of a bottom nepheloid layer at this station. The distributions of trace metals in Baffin Bay and the Canadian Arctic Archipelago, both spatially and verti-, cally, are determined principally by the metal characteristics of the inflowing water masses. The high concentration of metals in sea ice and glacier ice suggests that meltwater may also have a significant effec.t on surface water concentrations. No marked verticat't~"concentra tion gradients resulting from biological activ ty or other geochemical processes in the water c lumn or underlying sediments were observed. ·
